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A seven-year study vas conducted of the thermo-mechanical and thermal
behavior of high-temperature structural materials, described in detail in
earlier technical interim and end-of-the-fiscal-year letter reports, listed
in the fell;e.i 5 6 Pae--

This research project has resulted in a total of .. kby-fvs*O83
technical publications in the engineering and scientilic literature
involving a total of fifty-three (53) diffren co-authors.
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Listing of Interim Technical Reports Submitted to Office
of Naval Research.

I. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," April 1 - Dec. 31, 1978.

2. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical

and Thermal Behavior of High-Temperature Structural
Materials," Jan. 1 - Dec. 31, 1979.

3. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," Jan. 1 - Dec. 31, 1980.

4. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," Jan. I - Dec. 31, 1981.

5. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," Jan. 1 - Dec. 31, 1982.

6. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," Jan. 1 - Dec. 31, 1983.

7. D. P. H. Hasselman and Co-Workers, "Thermo-Mechanical
and Thermal Behavior of High-Temperature Structural
Materials," Jan. 1 -Dec. 31, 1984.
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Listing of End-of-the-Fiscal Year Letter Reports Submitted
to Office of Naval Research.

1. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High Temperature Structural Materials,"
April 1 - Dec. 15, 1978.

2. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,"
Dec. 16, 1978 - Nov. 30, 1979.

3. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,"
Dec. 1, 1979 - Sept. 30, 1980.

4. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,
Oct. 1, 1980 - Sept. 30, 1981.

5. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,
Oct. 1, 1981 - Sept. 30, 1982.

6. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,"
Oct. 1, 1982 - Sept. 30, 1983.

7. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,"
Oct. 1, 1983 - Sept. 30, 1984.

8. D. P. H. Hasselman, "Thermo-Mechanical and Thermal
Behavior of High-Temperature Structural Materials,"
Oct. 1, 1984 - Sept. 30, 1985.



Technical articles (published or in preparation) which have resulted
from the research conducted under the present contract.

1. D. P. H. Hasselman and W. A. Zdaniewski, "Thermal Stress Resistance
Parameters of Brittle Materials Subjected to Thermal Stress Fatigue,"
J. Am. Ceram. Soc., 61 (7-8) 375 (1978).

2. D. P. H. Hasselman, "Effect of Cracks on Thermal Conductivity," J.
Comp. Mat., 12, 403-07 (1978).

3. K. Chyung, G. E. Youngblood and D. P. H. Hasselman, "Effect of
Crystallization on the Thermal Diffusivity of a Cordierite Class-
Ceramic," J. Amer. Ceram. Soc., 61, 530 (1978).

4. W. Zdaniewski, H. Knoch, J. Heinrich and D. P. H. Hasselman, "Ther-
mal Diffusivity of Reaction-Sintered Silicon Nitride," Ceram. Bull.,
58, 539 (1979).

5. G. Ziegler and D. P. H. Hasselman, "Effect of Data Scatter on
Apparent Thermal Stress Failure Mode of Brittle Ceramics," Ceraur-
gia, 5, 126 (1979).

6. D. P. H. Hasselman, "Role of Physical Properties in the Resistance
of Brittle Ceramics to Fracture in Thermal Buckling," J. Amer.
Ceram. Soc., 62, 125 (1979).

7. K. Satyamurthy, J. P. Singh, M. P. Kamat and D. P. H. Hasselman,
"Effect of Spatially Varying Porosity on Magnitude of Thermal
Stress During Steady State Heat Flov," J. Amer. Ceram. Soc., 62,
432 (1979).

8. D. P. H. Hasselman and J. P. Singh, "Analysis of Thermal Stress
Resistance of Micro-cracked Brittle Materials," Ceramic Bull.,
58, 856 (1979).

9. G. E. Youngblood, L. Bentsen, J. U. McCauley and D. P. H. Hasselman,
"Thermal Diffusivity of Ba-Mica/Alumina Composites," J. Amer. Ceram.
Soc., 58, 620 (1979).

10. D. P. H. Hasselman and Y. Tree, "On the Thermal Fracture of Ice,"
J. Mat. Sc., 14, 1499 (1979).

11. D. P. H. Hasselman, "Figures-of-Merit for the Thermal Stress Resis-
tance of High-Temperature Brittle Materials," Ceramurgia Interna-
tional, 4, 147 (1979).

12. Bob R. Powell, Jr., G. E. Youngblood, D. P. H. Hasselman and Larry
D. Bentsen, "Effect of Thermal Expansion Mismatch on the Thermal
Diffusivity of Glass-Ni Composites," J. Amer. Ceram. Soc., 63, 581
(1980).
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13. D. P. H. Hasselman, J. C. Swearengen, E. K. Beauchamp and W. A.
Zdaniewski, "Effect of Alumina Dispersions on the Thermal Conduc-
tivity/Diffusivity and Thermal Stress Resistance of a Borosilicate

Glass", J. Mat. Sc., 15, 518-20 (1980).

14. D. P. H. Hasselman, J. R. Thomas, Jr., M. P. Kamat and K. Satyamur-
thy, "Thermal Stress Analysis of Partially Absorbing Brittle
Ceramics Subjected to Radiation Heating", J. Am. Ceram. Soc., 63,
21-25 (1980).

15. J. P. Singh, J. R. Thomas, Jr., and D. P. H. Hasselman, "Analysis
of Effect of Heat Transfer Variables on Thermal Stress Resistance
of Brittle Ceramics Measured by Quenching Experiments", J. Am.
Ceram. Soc., 63, 140-44 (1980).

16. K. Satyamurthy, M. P. Kamat, J. P. Singh and D. P. H. Hasselman,
"Effect of Spatially Varying Thermal Conductivity on Magnitude of
Thermal Stress in Brittle Ceramics Subjected to Convective Heating",
J. Am. Ceram. Soc., 63, 363 (1980).

17. D. P. H. Hasselman, P. F. Becher and K. S. Mazdiyasni, "Analysis of
the Resistance of High-E, Low-E Brittle Composites to Failure by
Thermal Shock", Materials Technology, 11, 82 (1980).

18. K. Satyamurthy, J. P. Singh, M. P. Kamat and D- P. H. Hasselman
"Thermal Stress Analysis of Brittle Ceramics with Density Grad3 r--4
Under Conditions of Transient Convective Heat Transfer", Proc.
Brit. Ceram. Soc., 80, 10 (1980).

19. N. Claussen and D. P. H. Hasselman, "Improvement of Thermal Shock
Resistance of Brittle Structural Ceramics by a Dispersion Phase of
Zirconia", Proceedings of Conference on Thermal Stresses in Materials
and Structures in Severe Thermal Environments, Plenum Press (1980).

20. J. P. Singh, J. R. Thomas, and D. P. H. Hasselman, "Thermal Stresses
in Partially Absorbing Flat Plate Symmetrically Heated by Thermal
Radiation and Cooled by Convection", J. of Thermal Stresses, 3, 341
(1980).

21. K. Satyamurthy, D. P. H. Hasselman and J. P. Singh, "Effect of Nature
of Concavity of Temperature Distribution on Position and Sign of
Maximum Thermal Stress", J. Thermal Stresses, 3, 551 (1980).

22. C. Shih, J. P. Singh, and D. P. H. Hasselman, "Effect of Crack
Interaction on the Fracture Initiation and Crack Propagation in
Brittle Ceramics Subjected to Severe Thermal Shock", High Temp-High
Pressures, 12, 477 (1980).
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23. J. P. Singh, J. R. Thomas, Jr., and D. P. H. Hasselman, "Stresses
Due to Thermal Trapping in Semi-Absorbing Materials Subjected to
Intense Radiation", Proc. Conf. Thermal Stresses in Materials and
Structures in Severe Thermal Environments, Plenum Press (1980).

24. K. Satyamurthy, D. P. H. Hasselman, J. P. Singh, and M. P. Kamat,
"Effect of Spatial Variation of Thermal Conductivity on Magnitude
of Tensile Thermal Stresses in Brittle Materials Subjected to Con-
vective Heating", Proc. Conf. Thermal Stresses in Materials and
Structures in Severe Thermal Environments, Plenum Press (1980).

25. Proc. Conf. Thermal Stresses in Materials and Structures in Severe
Thermal Environments. Co-edited by D. P. H. Hasselman and R. A.
Heller, by Plenum Press (1980).

26. K. Satyamurthy, J. P. Singh, D. P. H. Hasselman and M. P. Kamat,
"Transient Thermal Stresses in Cylinders with Square Cross-Section
Under Conditions of Convective Heat Transfer", J. Amer. Ceram.
Soc., 63 (11-12) 694-98 (1980).

27. G. Ziegler, L. D. Bentsen and D. P. H. Hasselman, "Orientation
Effects on the Thermal Diffusivity of Hot-Pressed Silicon Nitride",
Comm. Amer. Ceram. Soc., 64, 35 (1981).

28. J. P. Singh, C. Shih and D. P. H. Hasselman, "Analysis of Role of
Crack Interaction on Nature of Strength Loss of Brittle Ceramics
Subjected to Thermal Shock", Comm. Am. Ceram. Soc., 64 (8) (1981).

29. K. Niihara, L. D. Bentsen, K. Mazdiyasni and D. P. H. Hasselman,
"Anistropy Effects in the Thermal Diffusivity of Si3N4-BN Composites",
Comm. Am. Ceram. Soc., 64 (9) C117-18 (1981).

30. J. R. Thomas, Jr., J. P. Singh and D. P. H. Hasselman, "Analysis of
Thermal Stress Resistance of Partially Absorbing Ceramic Plate
Subjected to Asymmetric Radiation, I: Convective Cooling at Rear
Surface", J. Am. Ceram. Soc., 64, 163 (1981).

31. J. P. Singh, K. Satyamurthy, J. R. Thomas, and D. P. H. Hasselman,
"Analysis of Thermal Stress Resistance of Partially Absorbing
Ceramic Plate Subjected to Asymmetric Radiation, II: Convective
Cooling at Front Surface", J. Amer. Ceram. Soc., 64, 169 (1981).

32. J. P. Singh, D. P. H. Hasselman, W. M. Su, J. A. Rubin and R. Palicka,
"Observations on the Nature of Micro-Cracking in Brittle Composites",
J. Mat. Sc., 16, 141 (1981).

33. G. Ziegler and D. P. H. Hasselman, "Effect of Phase Composition and
Microstructure on the Thermal Diffusivity of Silicon Nitride", J.
Mat. Sc., 16, 495 (1981).
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34. J. P. Singh, Y. Tree and D. P. H. Hasselman, "Effect of Bath and
Specimen Temperature on the Thermal Stress Resistance of Brittle
Ceramics Subjected to Thermal Quenching", J. Mat. Sc., 16 (8) 2109-
2118 (1981).

35. K. Niihara, J. P. Singh, L. D. Bentsen and D. P. H. Hasselman, "Ob-
servation on the Sub-Critical Growth and Healing of Micro-cracks
in Brittle Ceramics", Proceedings of Conference in Surface and
Interfaces in Ceramics and Ceramic.-Metal Systems, Plenum Press (1981).

36. L. D. Bentsen, N. Claussen and D. P. H. Hasselman, "Effect of Micro-
cracking on the Conduction of Heat in Brittle Composites", pp. 369-
82 in Proc. Conf. Degradation of Engineering Materials, (VPI Press)
(1981).

37. J. P. Singh, K. Niihara and D. P. H. Hasselman, "Analysis of Thermal
Fatigue Behavior of Brittle Structural Materials", J. Mat. Sc., 16,
2789-97 (1981).

38. J. R. Thomas, Jr., J. P. Singh an d D. P. H. Hasselmai, "Thermal
Stress in Materials Heated Internally by Radiation Absorption", J.
of Nuclear Materials, 103-104, 167-72 (1981).

39. J. R. Thomas, Jr., J. P. Singh and D. P. H. Hasselman, "Thermal
Stresses in a Partially Absorbing Flat Plate Asymmetrically Heated
by Cyclic Thermal Radiation and Cooled by Convection", J. Thermal
Stresses, 5 (3-4) 247-56 (1982).

40. Y. Chen, M. M. Abraham, L. D. Bentsen and D. P. H. Hasselman,
"Effect of Ni-Alloying on the Thermal Diffusivity/Conductivity of
MgO Single Crystals", Comm. Amer. Ceram. Soc., 65 (7) C104-05 (1982).

41. J. J. Brennan, L. D. Bentsen and D. P. H. Hasselman, "Measurement
of the Thermal Conductivity and Diffusivity of Fine Silicon Carbide
Fibers by the Composite Technique", J. Mat. Sc. 17, 2337-42 (1982).

42. K. Niihara, J. P. Singh and D. P. H. Hasselman, "Observations on
the Characteristics of a Fluidized Bed for the Thermal Shock Testing
of Brittle Ceramics", J. Mat. Sc. 17, 2553-59 (1982).

43. D. P. H. Hasselman and L. D. Bentsen, "Effect of Microstructural and
Compositional Heterogeneity on the Conduction of Heat in Structural
Materials for High-Temperature Use", J. Thermal Insulation, 691-709
(1982).

44. J. R. Thomas, J. P. Singh and D. P. H. Hasselman, "Role of Thermal
Expansion in the Thermal Stress Resistance of Semi-Absorbing Brittle
Materials Subjected to Severe Thermal Radiation", pp. 121-30 in
Proc. 7th Int. Thermal Expansion Symposium, Plenum Press (1983).
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45. D. P. H. Hasselman, "Effect of Micro-cracking on Thermal Conductivity:
Analysis and Experiment", pp. 417-34 in Proc. 16th Int. Conf. Thermal
Conductivity, Plenum Press (1983).

46. J. R. Thomas, J. P. Singh and D. P. H. Hasselman, "Thermal Stresses
in a Partially Absorbing Flat Plate Asymmetrically Heated by Cyclic
Thermal Radiation and Cooled by Convection; Addendum", J. Thermal
Stress, 6, 93-95 (1983).

47. J. P. Singh, J. I. Frankel, J. R. Thomas, Jr., and D. P. H. Hassel-
mal, "Thermal Stresses in Partially Absorbing Flat Plate Due to
Sudden Interruption of Steady-State Asymmetric Radiation, I:
Convective Cooling at Rear Surface", J. Thermal Stresses, 6, 15-24,
(1983).

48. J. I. Frankel, J. P. Singh, J. R. Thomas, Jr., and D. P. H. Hassel-
man, "Thermal Stresses in Partially Absorbing Flat Plate Due to
Sudden Interruption of Steady-State Asymmetric Radiation, II: Con-
vective Cooling at Front Surface", J. Thermal Stress, 6, 25-34 (1983).

49. M. Bucknam, L. D. Bentsen and D. P. H. Hasselman, "The Measurement
of the Thermal Conductivity of Refractories by the Laser-Flash
Method", Proc. and Trans. Brit. Ceram. Soc., 82 (1) 18-23 (1983).

50. T. Ozyener, K. Satyamurthy, C. E, Knight, G. Ziegler, J. P. Singh
and D. P. H. Hasselman, "Effect of AT- and Spatially Varying Heat
Transfer Coefficient on Thermal Stress Resistance of Brittle Cera-
mics Measured by the Quenching Method", J. Amer. Ceram. Soc., 66 (1)
53-58 (1983).

51. M. Srinivasan, L. D. Bentsen and D. P. H. Hasselman, "Thermal Dif-
fusivity of Silicon-Carbide-Silicon Composites", Proc. 17th Int.
Thermal Conductivity Conference, pp. 677-87. Ed. by J. G. Hust,
Plenum Press (1983).

52. J. R. Thomas, J. I. Frankel, and D. P. H. Hasselman, "Effect of
Interface Reflections and Angle of Incidence of Radiation on Thermal
Stresses in Semi-Transparent Materials", J. Thermal Stresses, 6,
125-37 (1983).

53. W. S. Chang, C. E. Knight, R. G. Mitchiner, D. P. H. Hasselman,
"Analysis of Thermal Stress Failure of Segmented Thick-Walled Re-
fractory Structures", J. Amer. Ceram. Soc., 66 (10) 703-13 (1983).

54. J. P. Singh, G. Ziegler, D. P. H. Hasselman, "Effect of Drop-Height
on the Critical Temperature Difference (ATC) for Brittle Ceramics
Subjected to Thermal Shock by Quenching into Water", J. Amer.
Ceram. Soc., 66 (10) C-195-95 (1983).
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55. J. P. Singh, J. R. Thomas, Jr., D. P. H. Hasselman, "Role of Absorp-
tion Coefficient in the Frequency Dependence of the Thermal Stresses
in a Partially-Absorbing Plate Subjected to Cyclic Thermal Radiation,"
J. Thermal Stresses, 6, 355-64 (1983).
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59. L. D. Bentsen, R. Ruh, and D. P. H. Hasselman, "Effect of Hot-
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60. L. D. Bentsen, J. R. Thomas, Jr., D. P. H. Hasselman, "Role of
View-Factor in the Effective Radiative Thermal Conductivity/
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61. D. P. H. Hasselman and J. P. Singh, "Role of Mixed-Mode Crack
Propagation in Thermally Shocked Brittle Materials," J. of Fracture
Mechanics Technology, 2, 59-65 (1984).

62. Carolyn J. Fairbanks, Hong Lim Lee and D. P. H. Hasselman, "Effect
of Crystallites on Thermal Shock Resistance of Cordierite Glass-
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63. Mahesh Gundappa, J. R. Thomas, Jr., and D. P. H. Hasselman, "Analysis
of Thermal Stresses in a Solid Circular Cylinder Subjected to Con-
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Ceramic Composites," pp. 485-98 in Thermal Conductivity 18, Plenum
Press (1985).

73. J. R. Thomas, Jr., and M. Gundappa, "Transient Conduction in a
Cylinder Bounded by an Infinite Conductive Medium with Contact
Resistance," Proc. 19th Thermophysics Conf., June 1984.

74. D. P. H. Hasselman, "The Effect of Microstructure and Composition
on the Thermal Conductivity and Diffusivity of Ceramic Matrix Fiber-
Reinforced Composites," Proc. 9th DoD Conf. on Composites (in press).

75. D. P. H. Hasselman, "Tailoring of the Thermal Transport Properties
and Thermal Shock Resistance of Structural Ceramics," Proc. Conf.
on Tailoring of Multiphase Ceramics, Plenum Press (in press).

76. Theresa M. Welsh, C. E. Knight, D. P. H. Rasselman, "Thermal Stresses
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Cooling," J. Amer. Ceram. Soc. (in review).

77. D. P. H. Hasselman, Compositional and Structural Effects on the
Thermal Diffusivity of Fiber-Reinforced Glass-Ceramic and Ceramic
Matrix Composites," Thermal Conductivity 19, Plenum Press (in
press).

11



; ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - -.. _.-. . . ,. - - .. . / . . . . Z-7- 7, 77 . 7 r . W 17 1 7- _- . -7-2

The following studies were initiated during the period of the current
contract and are being completed with financial support obtained or to be
obtained from other sources.

78. D. P. H. Hasselman, L. F. Johnson, R. Syed. M. P. Taylor, K. Chyung,
"Heat Conduction Characteristics of Carbon-Fiber-Reinforced Lithium-
Alumina-Silicate Glass-Ceramic," to be submitted to J. Mat. Sc.

79. D. P. H. Hasselman, Hong Lim Lee, L. F. Johnson, L. D. Bentsen,
R. Syed, "Thermal Diffusivity and Conductivity of Dense Poly-
crystalline Zirconia Ceramics; A Survey," to be submitted to J.
Amer. Ceram. Soc.

80. M. V. Swain, L. F. Johnson, R. Syed, D. P. H. Hasselman, "Thermal
Diffusivity Thermal Conductivity and Specific Heat of Porous
Partially Stabilized Zirconia," to be submitted to

81. E. Minford, L. F. Johnson, D. P. H. Hasselman, "Thermal Diffusivity
and Conductivity of a Discontinuous Carbon Fiber-Reinforced Sodium
Borosilicate Glass," to be submitted to 3. of Mat. Sc.
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